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Molecular beam epitaxial growth of uniform Ino.53 GaO.47 As on InP with a 
coaxialln-Ga oven 
K. Y. Cheng, a) A. Y. Cho, W. R. Wagner, and W. A. Bonner 
Bell Laboratories, Murray Hill, New Jersey 07974 
(Received 25 August 19S0; accepted for publication 6 October 19S0) 
Epitaxial layers OfIOo.S3 Gao.47 As lattice matched to InP substrates have been grown by molecular 
beam epitaxy. The (100) InP substrate surfaces were first oxide passivated and then thermally 
cleaned under 1. 5 X 10 - 6 Torr of arsenic moleuclar beam exposure (i.e., 1. 24 X 1014 As4/ cm2 sec). 
When they were heated to 500 ·C, damage-free surfaces without oxygen and carbon 
contamination were obtained. The surface chemical composition as a function of the thermal 
cleaning temperature was studied with Auger electron spectroscopy. 100.53 Gao.47 As epilayers of 
highly uniform composition were grown over a 7-cm2 InP substrate using an In/Ga coax~al oven 
design. Reproducible In and Ga beam fluxes to obtain lattice-match condition were achIeved by 
adjusting the aperture ratio of the In and Ga reservoirs, and the oven temperature. Net electron 
concentration as low as 3 X 1015 cm-3 has been achieved for the 100.53 Gao.47As layers. 
PACS numbers: SU5.Ef, 73.6O.Fw, 72.S0.Ey, 66.30.1t 
INTRODUCTION 
After the realization of minimum loss I and dispersion2 
in optical fibers between 1.1 and 1.7 pm wavelength region, 
much attention has been paid to the lattice matched 
100.53 Gao.47 As/lnP compound semiconductor system. This 
ternary alloy exhibits a band gap corresponding to 1.65 pm 
at 300 "K. 3 Photodiodes have been made by liquid phase epi-
taxy3.4 as well as by vapor phase epitaxy.s Recently, the 
In Gal _ As ternary compound has been grown on InP 
x x 67 
substrate by molecular beam epitaxy (MBE) .. 
In growing InxGal_xAs lattice matched on InP sub-
strate by MBE, two difficulties were encountered: First, the 
preparation of a clean InP substrate, and second, the necessi-
ty that the ratio ofln to Ga in the molecular beam be uniform 
and precisely controlled over the entire growth period. Ion 
sputtering followed by annealing had been used to remove 
contaminants on semiconductor substrate surfaces. Howev-
er, for InP substrates, this process involves the creation of a 
large density of defects, such as indium precipitation and 
marked evaporation of phosphorus from the surface.8•9 An-
other commonly used method for substrate cleaning is ther-
mal heating in vacuum. 10 This process is limited by the non-
congruent evaporation temperature of the substrate 
material, as in the case of(I00) InP, where this temperature 
is 360 "C, II and is too low to remove the surface oxide. 12 
Although the surface can be stabilized at temperatures 
above 450 ·C under a P4 flux higher than 3 X lOiS 
cm -2 sec - 1,13 the resulting high residual P 4 flux is undesira-
ble for growing epilayers not involving phosphorus. The oth-
er difficulty as mentioned earlier was the observation of 
composition variation in the lateral direction when separate 
In and Ga effusion cells were used. Lattice match between 
the Inx Gal _ x As epilayer and InP substrate can be achieved 
only in a narrow region of the grown layer owing to the offset 
-IOn leave from Chung-Cheng Institute of Technology, Taiwan, Republic 
of China. 
of In and Ga beam angles relative to the substrate. To over-
come this problem, Miller and McFee6 used an In-Ga mix-
ture in one effusion cell to grow Inx Gal _ x As/lnP hetero-
structures. In their experiment, In depleted rapidly due to 
the required small volume ratio ofIn/Ga in the mixture and 
higher vapor pressure ofIn compared with that of Ga, which 
resulted in non uniformity of composition in the growth 
direction. 
In this study, the InP substrate surface was passivated 
with oxygen and then cleaned by heat treatment in vacuum 
under an arsenic moleuclar beam. Since As has the lowest 
free energy of formation to form oxides compared with In 
and P at temperatures above 450 'C,14 when As molecules 
are evaporated onto the heated InP substrate, the passivated 
surface oxides will gradually be replaced by arsenic oxides 
and then vaporized at relatively low temperature, around 
460 ·C. 14 Under an As vapor pressure of -1.5 X 10-6 Torr, 
i.e., 1.24 X 1014 As4/cm2 sec, the InP substrate surface can 
be cleaned without thermal damage at temperatures as high 
as 530"C. Auger electron spectroscopy (AES) and high-en-
ergy electron diffraction (HEED) techniques are used in situ 
to examine the surface cleanliness and structures. The com-
position uniformity of the epilayer is improved by using a 
coaxial In-Ga effusion cell design in which the In and Ga 
beam intensities are controlled by aperture sizes in the oven. 
Fine adjustment of the In/Ga ratio was achieved by adjust-
ing the oven temperaure because of the vapor pressure vari-
ation ofIn and Ga as a function of temperature is different. 
With this coaxial oven arrangement, 100.53 Gao.47 As epi-
layers were grown lattice matched over an InP substrate 
whose dimensions were 2.5 X 3 cm. Electrical properties are 
measured on these layers. The carrier concentrations were 
determined by the Van der Pauw method as low as 3 X lOIS 
cm- 3• 
II. InP SUBSTRATE PREPARATION AND CLEANING 
Among the processes ofMBE growth, the most critical 
step is the preparation of a flat and clean semiconductor 
1015 J. Appl. Phys. 52(2), February 1981 0021-8979/81/021015-07$01.10 @ 1981 American Institute of Physics 1015 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
substrate surface. The as-cut (100) InP wafer was first de-
greased by boiling in trichloroethane and acetone, then 
rinsed in methanol and 01 water. The saw-cut damage was 
then removed by polishing the substrate on lens paper 
soaked with 0.5% Brrmethanol to a mirrorlike finish. After 
the chemical polishing, the substrate was etched in a hot 
H2S04 : H 20 2:H20 = 4 : 1: 1 solution for 10 min followed 
by a 3-min etching in 0.3% Br2-methanol. These etching 
steps resulted in a reproducible flat and damage-free InP 
surface. 15 When this freshly cleaned surface is exposed to 
ambient environment while being loaded into the MBE sys-
tem, the adsorbed carbon will not be evaporated by later heat 
treatment and yeilds a faceted epilayer. 10 Thus, at the end of 
the last etching process, the substrate surface was flushed in 
01 water for 1 min to stop the etching and passivate the clean 
surface with oxides. Between the last etching and oxide pas-
sivation processes, the substrate was never exposed to air. 
This is very important to enhance the oxygen content and 
reduce the carbon contamination from air. The substrate 
was then blown dry with filtered nitrogen gas, mounted onto 
a Mo heater block using In solder, and loaded into the MBE 
system. 
The MBE system used is similar to that described by 
Cho and Arthur. 10 It is equipped with both AES and HEED 
facilities for in situ examination of the crystal surface before 
and during the epitaxial growth. The Auger electron gun 
and cylindrical analyzer compartment are bellows mounted 
on the chamber and can be rolled in and out rapidly to pro-
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FIG. 1. Auger spectrum of(IOO) InP surface. (a) Room·temperature spec· 
trum of a freshly oxidized surface by etching in Br 2·methanol and rinsing in 
deionized water. (b) After heating to 500 'C under an arsenic molecular 
beam of 1.5 X 10- 6 Torr. 
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FIG. 2. Auger peak intensities of indium, oxygen, phosphorus, and arsenic 
on an oxidized (100) InP substrate surface under the exposure of 1.5 X 10- 6 
Torr arsenic molecular beam as a function of the substrate temperature. 
vide fast data acquisition. This is a desirable feature for 
studying the cleanliness of the InP substate surface which is 
heated in an As molecular beam because it is a rate process. 
The Auger spectrum of an oxygen passivated (100) InP 
surface is shown in Fig. l(a). The surface shows no trace of 
chemical reagents but a passivated thin oxide layer. A very 
small amount of carbon is also present which was adsorbed 
from air after the surface was passivated with oxygen. The 
spectrum of phosphorus transition at 120 eV is particularly 
small and accompanied by two adjacent larger new peaks. 
These peaks were also observed on plasma oxidized InP sur-
faces9 and on InP surfaces passivated with oxygen in a UHV 
chamber. 12 The appearance of these two peaks indicates the 
phosphorus-oxygen bonding9 •12 of a passivated surface. 
The substrate cleaning process was preceded by heating 
up the As effusion cell directed toward the InP substrate to 
provide a background pressure of ~ 1.5 X 10- 6 Torr. The 
InP substrate temperature was then increased gradually and 
measured with a thermocouple in contact with the Mo heat-
er block and a calibrated IR pyrometer. Auger spectra were 
then recorded at different substrate temperatures. Each 
reading takes less than 5 min to minimize interferences with 
the substrate surface cleaning process. In Fig. 2 the Auger 
peak-to-peak intensities ofIn, P, 0, and As ofa typical sam-
ple are shown as a function of the substrate temperature. The 
In peak intensity at 404 eV increases monotonically with the 
increasing substrate temperature, while the 0 peak intensity 
at 510 e V decreases. On the other hand, the P peak intensity 
at 120 eV reaches a maximum at about 400·C while the As 
peak intensity at 31 e V starts to appear and increase rapidly. 
The Auger peak intensity of carbon at 272 e V is too weak to 
show and falls below the noise level at temperatures as low as 
Cheng etal. 1016 
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300 0c. In the temperature range below 350°C, the Auger 
peak intensities of In and P have almost the same increasing 
rate and the oxygen peak decreases monotonically. These 
indicate the onset of surface cleaning by the desorption of 
carbon and most of the oxygen molecules. These molecules 
were loosely bonded to the passivated oxide layer and were 
adsorbed from the atmosphere after the oxygen passivation 
process. As the substrate temperature increases to 360 T, 
the P20 S formed on the surface during the passivation pro-
cess started to decompose and desorb. Under the exposure of 
the AS4 molecular beam, the vacant P site is replaced by As, 
and therefore the P peak intensity decreases as the As peak 
intensity increases. When the substrate temperature ap-
proaches 450°C, the free energy of formation of arsenic ox-
ide is comparable with that of indium oxide and even be-
comes smaller at around 500 0c. 14 This means that the 
indium oxide formed during the oxide passivation process 
(a) 
(b) 
FIG. 3. HEED patterns (18 keY) ofa clean (100) InPsubstrate with a, (l"iO] 
azimuth-! order and, b, [1 TO] azimuth-l order surface reconstruction. 
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will be transformed into arsenic oxide. Since the As20 3 will 
be desorbed at 460°C, 14 a large increase in In peak intensity 
above that temperature is expected as shown in Fig. 2. The 
InP surface is completely cleaned when the substrate tem-
perature reaches 500 °C, where all the indium oxide is re-
placed by As20 3 and desorbed. At this time, the Auger peak 
of oxygen totally disappears and is well below the detecting 
limit. The detecting limit of the Auger spectrometer is about 
1 % of a monolayer. The Auger spectrum of such a clean InP 
surface is shown in Fig. l(b). 
As the substrate temperature increases further above 
500 °C, all peak intensities become saturated with the P lIn 
and AslIn ratios around 0.25 and 0.1, respectively. This sit-
uation is maintained at temperatures as high as 530°C. At 
this temperature, much higher than the congruent evapora-
tion temperature of InP, the surface shows no trace of ther-
mal damage. However, surface decompositon starts above 
this temperature and forms In droplets. The Auger peak in-
tensity of In decreases sharply and that of P increases. 
In order to provide a more convenient way to monitor 
the InP substrate surface condition during the heat treat-
ment process, it was also studied with a I8-keY HEED sys-
tem. At lower temperatures, the surface gives a single-crys-
tal diffraction pattern with a high scattering background. 
This indicates that there is an adsorbed amorphous oxide 
layer. Upon heating the substrate above 350° C, the back-
ground intensity is reduced and forms steaking diffraction 
patterns. When the subs tate temperature approaches the 
clean-up temperature, one-half or one-quarter order surface 
reconstruction modulation pattern along with Kikuchi lines 
appears as shown in Fig. 3. These indicate that the substrate 
surface was atomically flat with perfect crystal lattice. 17 At 
this time, the substrate surface is ready for deposition of the 
epitaxial layer. If the substrate temperature is further in-
creased the one-half order reconstruction pattern will be 
transformed into the one-quarter order reconstruction pat-
tern and the substrate surface starts to suffer thermal 
damage. 
III. COMPOSITION CONTROL OF InxGa, _ xAs 
EPITAXIAL LAYERS 
In order to grow compositionally uniform 
InxGal _xAs epitaxial layers lattice matched to InP sub-
strates, evenly distributed In and Ga beam intensities with 
precise In to Ga ratio over the entire substrate area are neces-
sary. To achi~ve this requirement, two different approaches 
were investigated. First, a separate In and Ga effusion cell 
arrangement was used to provide the In and Ga beams for 
the growth of Inx Gal _ x As layers. The In and Ga effusion 
cells were aligned with the center of the substrate and placed 
adjacent to each other with their orifices only 2 cm apart and 
10 cm from the substrate. The composition of the epilayers 
was then controlled by adjusting the In and Ga oven tem-
peratures individually. With this configuration, the compo-
sition variation along the surface of the grown layer is signifi-
cant. The mole fraction ofInAs in the epilayer changed more 
than 5% over a distance of2.5 cm. This kind of variation was 
also observed in the Gax Inl _ x P epitaxial layer grown by 
Cheng etal. 1017 
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MBE on GaAs substrate with separte Ga and In ovens. 18 
Lattice mismatch between the epilayer and the substrate of 
less than 0.05% can only be obtained in a narrow region of 
about 3 X 5 mm. 
To overcome the lateral variation of the composition, a 
coaxial In-Ga effusion cell was used. The ratio of In and Ga 
beam intensities was coarsely controlled by the aperture ra-
tio of the In and Ga reservoirs to give the approximate beam 
intensity ratio close to 0.53/0.47. Fine adjustments of the In 
and Ga ratio to achieve the exact composition can be accom-
plished by changing the oven temeprature, because the va-
por pressures of these two elements vary at slightly different 
rates as a function of temperature. 19 Since In and Ga beams 
are emitted from the same position, uniform composition 
over the whole epilayer surface is expected. 
For an ideal Knudsen cell, the beam flux F, arriving at 
the substrate is lO 
F= 2 P(T)A 1/2molecules/cm2 sec, (1) 
'TTL (2'TTmkT) 
where P(T) is the equilibrium pressure at the cell tempera-
ture T, A is the area of the cell aperature, L is the distance to 
the substrate, and m is the mass of the effusing species. In the 
case of an In-Ga coaxial oven, the beam flux ratio of In and 
Ga can be expressed as 
Fin = PIn(T)AIn (MGa )1I2. (2) 
FGa PGa(T)AGa MIn 
If we assume that the sticking coefficients of In and Ga on 
the substrate surface are unity, an Inx Gal _ x As epilayer lat-
tice matched to InP, requires FIJFGa = 0.53/0.47. A sim-
ple relation between the ratio of aperture sizes and the ratio 
of vapor pressures ofIn and Ga at a fixed temperature can be 
simplified as 
(3) 
The partial vapor pressure ratio of In and Ga, PIn 1 P Ga , as a 
function oftemperature between 800 and 1200·C was de-
duced from the averaged experimental data, 19 and is shown 
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FIG. 4. Partial pressure ratio of In to Ga, P,NIPo " as a function oftem-
perature between 800 and 1200 ·C. 
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o 
InAs MOLE FRACTION IN In.Go1_.As,XlnAs 
FIG. 5. Lattice mismatch between the Inx Ga, _ x As epitaxial layer and the 
InP substrate as a function of the InAs mole fraction in the ternary epilayer. 
Lattice mismatch is expressed in absolute value to accommodate both posi-
tive and negative values on the same coordinate. The relationships between 
lattice mismatch, layer composition, and the IniGa oven temperature are 
shown in the insert. Points b, c, and d are the corresponding value of B, C, 
andD. 
in Fig. 4. With this curve as a guideline, at any designed 
growth temperature, the suitable aperture ratio of In and Ga 
reservoirs to produce an In to Ga beam ratio of about I can 
be calculated. 
Since the ideal Knudsen cell with a pin-hole aperture is 
impractical for the high growth rate required, the effusion 
cells used usually are in the form of a cylindrical tube with 
one end closed. The molecular beam flux pattern at the sub-
strate surface therefore deviates from the ideal cosine law 
distribution and depends on the ratio of the length I to radius 
r of the tube.20 In the case of the In-Ga coaxial oven, the 
beam flux patterns of both In and Ga are controlled by the 
same exit aperture. However, the Ga source, located in front 
of the In reservoir, has a smaller tube length to radius ratio 
than that ofln and forms a less collimated pattern. Thus the 
Ga beam flux intensity is less than expected and the Ga to In 
aperture ratio will be larger than that calculated from Eq. (3). 
Using the calculated value as a lower limit, the appropriate 
aperture ratio can be obtained experimentally. 
In Fig. 5 we showed the absolute value oflattice mis-
match between the InxGal_xAs epilayer and the InP sub-
strate as a function oflayer composition XInAs as well as its 
lattice constant to illustrate the composition tuning proce-
dures. The lattice constant ofInxGal_xAs epilayers was 
determined by x-ray diffraction ofthe Cu-Ka radiation. Ve-
gard's law is assumed in the relationship between the layer 
compositon and the lattice constant. The lattice mismatch 
was calculated as the ratio ofthe difference in lattice con-
Cheng etal. 1018 
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stant between the ternary epilayer and the InP substrate, i.e., 
(alnxGal ,As-alnp )/alnp or ..::1 ala. For a growth rate of 1 ,umlh 
the oven is heated to 880 ·C. At this temperature, the IniGa 
partial pressure ratio is 12.7 as illustrated in Fig. 4. A mini-
mum GalIn aperture ratio of 8.78 was then calculated by 
usingEq. (3). WithanAGa/Aln of9, thecompositionXlnAs of 
the grown layer is about 12.5% too high for lattice match to 
the substrate and is shown as point A in Fig. 5. This was 
expected due to the divergence in Ga beam flux intensity 
mentioned earlier. In order to reduce the high mole fraction 
ofInAs in the ternary epilayer to 0.53, which exactly match-
es the InP substrate, the aperture of the In reservoir was 
reduced about 15% to give a ratio of AGa/Aln equal to 10.5. 
The epilayer grown at 880 ·C is indicated as point B in Fig. 5, 
which still has a larger lattice constant than !tIP substrate. 
However, the lattice parameters are now close enough to be 
adjusted by changing the oven temperature instead of chang-
ing the In reservoir aperture. According to the IniGa partial 
pressure cuvre shown in Fig. 4, point C of Fig. 5 was ob-
tained by increasing the oven temperature to 932 ·C and was 
found deficient in In to match the InP substrate. The tem-
perature of the coaxial oven was then decreased to 920·C to 
increase the value of XlnAs' The resultant epilayer, shown as 
point D, has a lattice mismatch ofless than 3 X 10-4 • The 
corresponding oven temperature of point B, C, and D as a 
function of InAs mole fraction XinAs are also shown in the 
lower insert of Fig. 5 and b, c, and d, respectively. It is found 
that the slope of the line connecting b, c, and d is very close to 
the trend of the IniGa partial pressure variation curve 
shown in Fig. 4. From this series of experiments and the 
results shown in Fig. 5, it is clearly demonstrated that the 
composition, or lattice constant, of the InxGa l _ xAs epi-
layers can be tuned to match the InP substrate by changing 
the aperture ratio of the coaxial oven and its temperature. 
Once the proper oven aperture ratio and growth tempera-
ture were determined, lattice matched ternary epilayer over 
the whole surface can be ensured in each growth. The lattice 
mismatch ..::1al a over a typical epilayer surface 2.5 cm wide is 
found to be less than 5 X 10-4 , which corresponds to a com-
position change ofless than - 0.75%. This value is a definite 
improvment over those prepared by a mixed In-Ga source6 
or the separate oven method. 7 However, care must be taken 
to eliminate the effect due to the variation of the effective 
evaporating surface area of Ga and In from the consecutive 
runs and the effect of the aperture ratio change in the design 
of the coaxial oven. 
IV. GROWTH AND PROPERTIES OF Inx Ga1 _ x As 
EPITAXIAL LAYERS 
The S-doped n-type and Fe-doped semi-insulating (100) 
InP substrates were used to grown Inx Gal _ x As epilayers. 
The substrate was first polished and etched according to the 
procedures described in Sec. II. It was then mounted on a 
Mo block with In solder and loaded into the growth chamber 
of the MBE system. The system was evacuated to a pressure 
of about 5 X 10-8 Torr and the shrouds were filled with liq-
uid nitrogen. The In, Ga, and AS4 molecular beams were 
then generated by heating up the effusion cells containing 
1019 J. Appl. Phys., Vol. 52, No.2, February 1981 
high purity elemental In, Ga, and As. Before commencing 
the growth, the substrate surface was cleaned by heat treat-
ment under an AS4 molecular beam of -1.5 X 10-6 Torr, as 
described earlier. During the cleaning process, the substrate 
surface condition was monitored with HEED patterns. As 
the substrate surface was gradually cleaned, the HEED pat-
tern showed streaks with increasing intensity and decreasing 
background scattering. When the surface was atomically flat 
and free from contamination, the one-half or one-quarter 
order reconstruction patterns as well as Kikuchi lines were 
observed. The growth was then started by opening the shut-
ters of effusion cells. At this time, the substrate temperature 
was about 500 0c. In the case of lattice matched epilayer 
growth, the HEED patterns stay unchanged throughout the 
growth. This is in contrast to previous observations6•7 and 
indicates good quality in our epilayers. If the lattice mis-
match between the substrate and the epilayer is of the order 
of 10- 4 , each streak in the original HEED pattern changes 
into several sections upon opening the shutter and indicates 
slight faceting in the epilayer. After the growth proceeds for 
a couple of minutes, these broken sections will recover into 
perfect streak patterns with one-half or one-quarter order 
reconstruction. If the lattice mismatch between the epilayer 
and the substrate is in the range of 10-3, two distinct HEED 
pattern variations will be observed during the growth pro-
cess. For epilayers with a smaller lattice constant than the 
substrates, the HEED patterns change from streaks into 
dots instantly after the growth starts. These dots will be 
gradually elongated into broken sections as growth pro-
ceeds, but they will never recover into perfect streaks. On the 
other hand, if the lattice constant of the epilayer is larger 
than the substrate, a spotty HEED pattern will first be ob-
served at the beginning of the growth, and rapidly recover 
into streaks with one-half or one-quarter order modulation. 
These outcomes are easily understood by comparing surface 
morphology of epilayers with different lattice mismatches as 
shown in Fig. 6. 
For the epilayer with a larger lattice constant than the 
substrate, a cross-hatch pattern always exists as observed in 
the GaAsxSbl_xlGaAs heterostructure system. 21 Figure 
6a shows the surface of an epilayer with + 4 X 10 - 3 lattice 
mismatch. Beside those cross-running lines, which are 
aligned in (110) directions, the surface is flat, and thus gives 
a streaked HEED pattern. For the lattice matched case or 
for the lattice mismatch within 10- 4 order, the final surface 
shows no feature even if observed under the Nomarski inter-
ference microscope. Figure 6b shows such a surface with a 
lattice mismatch ofless than 2 X 10- 4• In contrast to the case 
shown in Fig. 6a, if the epilayer has a smaller lattice constant 
than the substrate, the epilayer is under tension and shows a 
rough appearance. An epilayer with - 5 X 10-3 lattice mis-
match is shown in Fig. 6c. The spotty and less streaked 
HEED pattern was observed on such a surface. 
If the substrate surface was not completely clean at the 
moment the growth was started, the morphology of the 
grown layer always showed an arrow-head-like structure ex-
truding along the (110) direction. Under this circumstance, 
even in the lattice matched case, the HEED pattern was 
fuzzy and spotty during the initial stage of the growth. This 
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(a) 
(b) 
(c) 
FIG. 6. Nomarski interference micrographs of Inx Gal _ xAs epitaxial lay-
ers with different composition grown on (100) InP substrate. The lattice 
constant of the ternary epilayer is a, larger (.:1a/a = 4x 10- 3); b, almost 
equal (.:1a/a < 2 X 10-4 ); and c, smaJler (.:1a/a = 5 X 10-3 ) than the InP 
substrate. 
pattern was gradually transformed into streaks if the elec-
tron beam was incident to the crystal surface along the direc-
tion of extrusions. Otherwise, the final HEED pattern was 
diffused streaks. 
In this study, all Inx Gal _ x As epilayers were grown at 
a rate of about 1 ,umlh and have a total thickness between 4 
and 8,um. The electrical properties were measured on 
InxGal _ xAs epilayers grown on Fe-doped (100) InP sub-
strate by the Van der Pauw method. Ohmic contacts were 
1020 J. Appl. Phys., Vol. 52, No.2, February 1981 
made by alloying pure indium dots onto the epilayers in a 
flowing hydrogen ambient at 400 ·C for 30 sec. All undoped 
epilayers are n type with carrier concentrations of the order 
of 1016_1017 cm -3 at room temperature. Background impu-
rities were reduced by baking the In source in a pure H2 
atmosphere for at least 16 h at 700 °C before loading into the 
effusion cell. This procedure has previously been used to 
achieve high purity in LPE grown Inx Gal _ x As layersY 
Epilayers grown with baked In source have the carrier con-
centration in the range from 3 X 1015 cm -3 to 2 X 1016 cm -3. 
The value at the low end of this range is the lowest concen-
tration reported in Inx Gal _ x As by MBE, and it is compara-
ble to the level grown by LPE. 
The electron mobilities of the Inx Gal _ x As epilayers 
were measured in the temperature range between 77 and 
300 OK. The room-temperatue mobilities of layers with low 
1016 cm -3 impurity concentrations are in the range between 
6000 and 7000 cm2 IV sec. The mobilities increase with de-
creasing temperatures and the liquid nitrogen temperature 
mobilities rise to between 8000 and 10 000 cm2/V sec. These 
preliminary values are expected to be improved when an air-
lock sample exhange mechanism is added to the present 
MBEsystem. 
V.SUMMARY 
An efficient method for cleaning the (100) InP substrate 
surface prior to the MBE growth of Inx Gal _ x As epilayer 
was demonstrated. Under the exposure of 1.5 X 10-6 Torr 
arsenic molecular beam the freshly oxide passivated InP sur-
face can be thermally cleaned to a temperature of about 
500 ·C. An atomically flat and oxygen and carbon contami-
nation free surface can be routinely obtained, as monitored 
in situ with AES and HEED techniques. 
Uniform Inx Gal _ x As epitaxial layers lattice matched 
to the (100) InP substrates were grown. Lateral composition 
uniformity of the grown layer was achieved by using an 
IniGa coaxial oven design. In and Ga beam flux intensities 
were fine tuned by adjusting the aperture ratio of the In and 
Ga reservoirs and the oven temperature. Lattice mismatch 
between the ternary epilayer and the InP substrate is less 
than 5 X 10-4 or less than 0.75% in composition variation 
over a lateral dimension of 2. 5 cm. The surface morphology 
of the grown layers with different compositions were corre-
lated to the variation of HEED patterns observed during the 
growth. The undoped lox Gal _ x As epilayer is n type with a 
carrier concentration as low as 3 X 1015 cm -3 and the elec-
tron mobilities at 300 OK and 77 OK are 7000 and 10 000 
cm2 IV sec, respectively. Excellent back-illuminated PIN 
photodiodes with external quantum efficiencies as high as 
70% and leakage current lower than 50 nA at 10-V bias were 
prepared with this material. 23 
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